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ABSTRACT

Acid mine drainage (AMD) is recognized as one of the more critical environmental problems in
the mining industry, with the potential of severe contamination of surface and groundwater, as
well as soils. Different conventional methods are used to treat AMD such as lime neutralization,
in which lime is added to AMD to raise pH and then precipitate the dissolved toxic heavy metals.
In addition to a high concentration of sulphate, the sludge produced by this process has no eco-
nomic value and has to be disposed of in large areas of land. Nanofiltration (NF) membranes are
a new alternative method employed to treat AMD in this work. First, neutralization of AMD col-
lected from the copper mine in Chile using both sodium hydroxide and lime will be investigated
to find the optimum formed sludge. Then, three commercial NF membranes (NF99, DK, GE) have
been used to filter AMD at two different pressures of 20 and 30 bar and at two different concen-
trations. The results showed that NF membranes successfully treated AMD with a very high rejec-
tion (>98%) of heavy metals. This indicates their suitability in treating this type of wastewater in a
more environmentally friendly process. The DK membrane had the highest rejection even at low
studied pressure (20 bar) and high AMD concentration. Meanwhile, NF99 had the highest flux, yet
its rejection was slightly lower than the DK membrane, especially at the latter condition. Finally,
the GE membrane had the lowest rejection and flux at all studied conditions. Further study is
required to address the scaling effects on the membrane surface.
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1. Introduction

Acid mine drainage (AMD) is an extensive environ-
mental problem associated with both working and
abandoned mining operations. It results from the nat-
ural oxidation of sulphide minerals, such as pyrite
(FeS,), mackinawite (FeS) and chalcocite (Cu,S), when
exposed to the combined action of water and oxygen.
Sources of AMD [1] are underground and open pit
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mining works, overburden and waste rock dumps,
flotation tailing dams and concentrate stockpiles.
Most of these sources remain active for decades or even
centuries after mine closure. AMD is characterised by
high acidity (pH 2—4), high sulphate concentration (1-
20 g/L) and high concentrations of metals and other
toxic elements such as Fe, Mn, Al, Cu, Ca, Pb, Mg,
Na and Ni [2,3]. This causes a severe contamination
of surface and groundwater as well as soils. The chemi-
cal equation of AMD production from pyrite is shown
in the following equations [4]:
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FeS, + 7/20, + H,0 — Fe* 42502 +2H* (1)

The dissolved Fe?*, SO, and H' represent an
increase in the total dissolved solids and acidity of
the water. After the sequence has been initiated, a
self-accelerating cycle is established in which Fe*" is
oxidized by oxygen, equation 2, to Fe>*, which is sub-
sequently reduced by pyrite [5].

Fe’" 4 1/40, — Fe*" 4+ 1/2H,0 (2)

At pH values between 2.3 and 3.5, ferric iron precipi-
tates, such as Fe(OH);, leave little Fe* in solution,
which subsequently oxidizes additional pyrite while
simultaneously lowering pH [4].

Fe’" 4+ 3H,0 — Fe(OH),(s) + 2H" (3)

A combination of Egs. (1)~(3) gives Eq. (4) which
represents the eventual precipitation of Fe(OH); and
production of sulphate ion in an acid solution.

FeS, + 15/40, + 7/2H,0 — Fe(OH),(s) + 2503~ 4 4H*
(4)

The accumulation of such ferric hydroxide represents
an unavoidable by-product of the mining and mineral
industries and one of the significant contributors to
water pollution.

Different conventional methods were used in treat-
ing AMD. Lime (Ca(OH),) or limestone (CaCOj3) neu-
tralization is a traditional approach used by many
investigators [6-10], in which lime or limestone is
added to precipitate the sulphate as gypsum and the
metals as hydroxides followed by gravity separation
of the solid product thereby raising the pH. This pro-
cess generates large amounts of gypsum sludge con-
taminated with metals, and is also expensive and
labour intensive. In South Australia, the cost of this
treatment was estimated at $250,000/year in 1988
[11]. Moreover, the remaining sulphate content is still
about 600 mg/1l, which exceeds or would exceed the
environmental requirements for such water going to
the receiving bodies.

The two-step neutralization ferrite formation pro-
cess is a modified neutralization method used to treat
AMD [12,13]. In this process, magnesium oxide or cal-
cium carbonate are used during the first neutralization
step to raise the pH to around 4.8 to produce low solu-
bility heavy metals hydroxide sludge, which can easily
be removed. In the second neutralization step, sodium
hydroxide is applied to reach a pH of 8.5 to produce
ferrite sludge by precipitating ferrous and ferric

hydroxides together with the remaining heavy metals.
The author [13] concluded that this process was effec-
tive in sludge production and for removing toxic heavy
metals from the AMD. In another study, blast furnace
slag [14] was investigated instead of limestone, and it
was concluded that this process has the potential to
absorb metal ions with increased pH to neutral. On the
other hand, Petrik et al. [15] showed that it was possi-
ble to use fly ash or fly ash leachate as an alternative
agent in neutralization of AMD without the addition
of liming agent. Recently, Rios et al. [16] investigated
coal fly ash, natural clinker and synthetic zeolites in
batch experiments as low-cost sorbents for treatment
of AMD, giving good results in adsorption of metals
from AMD. Gitari et al. [17] utilized the solid residue
(SR) generated from active treatment of AMD using fly
ash to blend it with varying amounts of fly ash and 6%
ordinary Portland cement and fresh fly ash to assess
the neutralisation and contaminants attenuation in
AMD with time, but this work needs more research
to explore the leachability of the toxic trace elements
in the long-term. Limestone, dolomite, and fly ash have
also been used to treat AMD as individual adsorbents
or a combination of these [18]. In another study,
Cheong et al. [19] tried a simple anaerobic reactor to
remove high heavy metals from AMD and to increase
pH value. The reactor was filled with a mixture of rice
stalk, cow manure and limestone. The main disadvan-
tages of this process were low permeability in the reac-
tor and clogging of the conveyance system. Another
researcher [20] suggested using organic covers to pre-
vent diffusion of oxygen into reactive sulphide wastes
and subsequently to eliminate sulphide compounds
oxidation and generation of acidic waters. This
method, which was considered a low cost solution for
the prevention of AMD generation, did not affect the
environment as it consisted of using industrial waste
rather than natural materials.

Biological treatment is another alternative method
for treatment of AMD in which sulphate-reducing bac-
teria (SRB) were used to remove metals and raise pH
value. These reactors commonly use a variety of carbon
substances (i.e. manure, wood chips) to reduce sul-
phate to sulphide, which forms metal sulphide precipi-
tates [21-25]. This process for some typical organic
materials generates hydrogen sulphide, which elevates
pH. Therefore, AMD was usually neutralized before
any biological treatment [25]. The effectiveness of these
methods decreases as carbon substances are consumed
in the SRB reactor. Therefore, Barnes et al. [26] sug-
gested using lactate and methanol as a carbon source
in a similar sulphate-reducing bioreactor process,
while Tsukamoto and Miller [27] studied the addition
of both latter chemicals to manure substrate as a
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method to reactivate SRB reactors. Organic waste
materials have been tested as alternative substances
to SRB reactors [28]. These materials were oak chips,
spent oak from shiitake farms, spent mushroom
compost, sludge from a wastepaper recycling plant
and organic-rich soil. The results showed that the
removal of sulphate and metal ions was slower in the
reactor with raw oak than in reactors packed with other
waste materials at the beginning of the operation, but
all reactors showed similar performance at later stages
[28]. Cation exchange process is another potential
method used to treat AMD [29]. Not only would ion
exchangers remove potentially toxic metals from mine
runoff, there was also the possibility of making a profit
from the recovered metals. However, the cost of ion
exchange materials compared to the relatively small
returns, as well as the inability of current technology
to efficiently deal with the vast amounts of mine dis-
charge, renders this solution unrealistic at present.

A promising new alternative method to treat AMD
uses state-of-the-art nanofiltration (NF) membranes. A
NF membrane is a type of pressure driven membrane
with properties in between reverse osmosis (RO)
and ultrafiltration (UF) membrane. NF offers several
advantages, such as low operation pressure, high flux,
high retention of multivalent anion salt and organic
molecules above 300 Da, relatively low investment, low
operation and maintenance cost, and is environment
friendly [30]. Furthermore, NF can either be used to
treat all kinds of water including ground-, surface-, and
wastewater or used as pre-treatment for desalination
process [31-33]. Jacangelo et al. [32] reported that NF
is used for removal of natural organic matter (NOM).
To date, NF has been employed primarily for ground-
water containing relatively low total dissolved solids,
but with high total hardness, colour, and disinfection
byproduct (DBP) precursors. Escobar et al. [33] found
that the rejection of assimilable organic carbon was
greater than 90% at pH 7.5 using a TFC-S NF
membrane. A comprehensive review on the use of
NF membranes in water treatment has been presented
elsewhere [30]. Because of these advantages, the appli-
cations of NF worldwide have increased [34].

Few researchers studied the application of NF in
treating mining waste water. A low sulphated (3,000
ppm), hard (2,000 mg CaCO;/L) water from a flooded
iron mine was treated by Jarny NF plant for the pro-
duction of drinking water (125 m®/h) in France [35].
The plant was working for two years. The results
showed that NF70 (Dow company) can reject sulphate
and reduce the hardness up to 98%. The water pro-
duced by plant has always met the drinking water
standards, even though raw water concentrations
exceeded largely the design values. In South Africa,

Visser et al. [36] tried to treat gold and coal mine water
contains, again, low concentration of sulphate (3,000
ppm) using different types of commercial NF mem-
branes. All experiments were carried out in a dead-
end membrane set-up at pressures between 3 and 20
bar and at different pH values. The results showed that
both NF70 and NF90 membranes can reject sulphate
ion in the range of 95-99% at a neutral pH. At lower
pH, the performance decreases due to the presence of
a higher fraction of monovalent HSO,™ ions and as
well as a possible change in the membrane charge from
negative to positive. In another study, the recovery of
heavy metals by precipitation using sulphide addition
and/or pH increase and NF membrane has been inves-
tigated [37]. The results showed that the rejection of
metals is almost constant at pH 7 and 1.5. However, the
higher the concentration or the lower pressure used,
the lower the rejection.

The objective of this study is to investigate the
application of NF membranes for treatment of AMD
using cross-flow system. First, the AMD will be neutra-
lized with lime to show the optimum formed sludge.
Second, three commercial NF membranes (NF99, DK,
GE) will be investigated to treat AMD at 20 and 30 bar
and at two different concentration levels. For each con-
dition, the permeate flux will measured over time up to
160 h, in order to check the scaling effect on the surface
of the membranes.

2. Experimental
2.1. Membranes

Three commercial NF membranes were used in this
study, of which two were manufactured by GE-
Osmonics (USA). These two membranes are GE and
DK, which are made from Composite polyamide and
thin film (TF) type, respectively. Although, the manufac-
turer classified GE membrane as a UF membrane, we
considered it a NF membrane according to its manufac-
turing data. The third membrane, NF 99, was obtained
from Alfa Laval Company (Sweden), which was made
of TF composite on polyester. The data of all investigated
membranes given by the manufacturers in addition to
some values taken from the literature are shown in
Table 1. All membranes were immersed at least one hour
before being used in any experimental work.

2.2. Permeation experiments and set-up

The permeation experiments were carried out in a
laboratory scale test cell. A schematic diagram of the
experimental set-up is shown in Fig. 1. It mainly con-
sists of a 30 litre feed tank, a high performance piston
pump, two parallel test modules, water bath and a
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Table 1
Chemical and physical characteristics of NF membranes taken from literature or supplied by the manufacturers
Membrane NF 99 GE DK
Manufacturer Alfalaval GE-Osmonics GE-Osmonics
Surface material TF composite on polyester Composite polyamide TF
Temperature resistance (°C) 50 N/A* 90
pH range (25°C) 2-10 2-11 2-11
Permeability (L/(m? h bar)) (25°C) N/A N/A 5.0, (20°C)
Rejection-Size >98%-MgSO,4 500 Dalton 98%-MgSO,4

N/A: Not available.

control unit. In order to remove large particles from the
original AMD solution, it was filtered through a paper
filter (Filtrak 388; Spezialpapierfabrik, Niederschlag,
Germany). Twenty litres of the AMD feed was pumped
in total recycle mode using a Cat 1051 plunger pump
into a junction which distributes the flow equally to the
two membrane modules. Each module consists of a sin-
ter plate to support a circular area membrane sample
with an effective membrane area of 63.6 cm®. The AMD
solution was fed to the centre of the membrane sheet
from the top, where both concentrate line exited as a
radial flow through a gap along the perimeter of the
membrane and the permeate line exited through the
sinter plate. The control unit in the set-up tracked the
parameters such as pressure, flow and temperature at
required values (Fig. 1). Two experiments, therefore,
were carried out in a cross-flow NF membrane process
at the same time using either the same or different
types of membranes.

The pressure of the membrane cell was set at 20 and
30 bar for the original and concentrated AMD. The con-
centrated AMD was obtained from reverse osmosis of
the original AMD until 50% of permeate (pure) water
were removed and the total ion content was accord-
ingly raised by a factor of 2. For simplicity, the concen-
trations of the original and concentrated AMD are
assumed to have the symbols of 1x and 2x, respec-
tively. In order to determine the flux decline and thus
the scaling tendency of the membranes, the flux was
first measured over time for all studied conditions up
to 160 h for most cases. The experiments were carried
out at feed rate of 650 L/h and temperature at 35°C,
adjusted through the water bath, in total re-
circulation mode, i.e. both the concentrate and the
permeate streams were re-circulated into the feed tank,
so that the feed concentration was kept approximately
constant. Water losses by evaporation were compen-
sated by adding deionised water to the feed tank when

concentrate permeate @ = [P\ | @
module 2 valve
= = &
& =
E plunger |
pump ' module 1 |
feed tank @
[ ] | process control
L unit

thermostat

Fig. 1. Apparatus set-up.
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the conductivity of the feed increased. The flux, the
conductivity, and the ion concentration of the permeate
flow were measured manually for each experiment.
For simplicity, the polarization concentration was
neglected in this study; therefore, the rejection (R) was
calculated either for AMD solution or for cations using
the following equation:

R=1-(Gp/C), (5)

where C, and C; are permeate and feed concentra-
tions (ppm), respectively. The flux (L.h™'.m~?) was
calculated as:

Flux = V,,/(tA), (6)

where Vp is the volume of the collected permeate (L), ¢
is time (h), and A is effective membrane area (m?).

2.3. Sampling and analytical methods

The AMD sample was provided by our cooperation
partner, Siemens company (Erlangen-Germany),
which was taken from copper mine industries in Chile.
These industries used a flotation process to separate
large particles from an original AMD sample. The pro-
vided AMD sample will be analysed in detail and the
results are shown in the next section. In order to deter-
mine the general rejection of AMD for each investi-
gated NF membrane, the conductivity for the feed
and permeate solutions was measured at ambient tem-
perature by a conductivity Hand-Held Meter LF 330/
340 (WTW-Germany) with auto-correction tempera-
ture (i.e. the temperature is corrected to 35°C), while
pH values were measured using a pH 340 meter
(WTW-Germany). All ions, except sulphate anion, con-
centration were determined using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) with
OPTIMA 3000 (Perkin-Elmer-USA). The sulphate con-
centrations were measured by an optical method using
both test kits LCK 153 and LCK 353 (HACH LANGE-
Germany) to measure sulphate ions over the ranges
40-150 and 150-900 mg/1, respectively.

3. Results and discussions
3.1. Characteristics of AMD
3.1.1. AMD sample

As mentioned above, AMD was sampled from the
drainage water of a Chilean copper mine. The proper-
ties of the investigated AMD solution, which was ana-
lysed in this work, are summarised in Table 2. It is clear
that the latter solution is strongly acidic (pH<2.5) and
metal-rich due to the oxidation of sulphide minerals,

Table 2
Analysing of the original AMD and the standard concentration
for potable water according to World Health Organizing
(WHO)

Metal Concentration Standard
(ppm) In Concentration for
AMD solution potable water (ppm)

Aluminum(Al) 1139.0 0.20

Sulphate (SOg4) 14337 250

Calcium (Ca) 3259 40

Copper (Cu) 2298.0 2.0

Iron (Fe) 627.5 0.200

Manganese (Mn) 224.5 0.050

Magnesium (Mg)  630.60 20

Sodium (Na) 6.89 200

Potassium (K) 4.31 12

and its orange-brown colour is due to the very high
concentrations of ferric iron in solution. Further, this
AMD contains high concentrations of sulphate, copper
and aluminum, a medium concentration of other diva-
lent cations (Ca, Mn, Mg), and very low concentration
of monovalent cations (Na, K) as shown in Table 2.
Moreover, the investigated AMD is considered as very
hard water as the concentration of calcium and magne-
sium is higher than 120 ppm.

3.1.2. Neutralization of AMD

Sodium hydroxide (NaOH) and hydrated lime
(Ca(OH),) were added to the investigated AMD in
order to study their neutralization effects and the pre-
cipitations formed. Figs. 2 and 3 show experimental
and modelled neutralization curves for titration with
1M NaOH solution and 1 M Ca(OH), suspension. Both
figures show the dependence of pH value and pH gra-
dient to added volume of alkaline agent. The concen-
tration of both hydroxides have been chosen to be
high (i.e. 1 M) in order to cover a wide range of pH
values and, therefore, cause the precipitation of heavy
metals to occur. Additionally in the titration test with 1
M Ca(OH); the precipitation of gypsum occurs. This
will not be discussed here in details since there is
unknown relation between gypsum precipitation and
pH values. It is clear that both figures have the same
trend in the precipitation of metals, but the main differ-
ences between both hydroxide compounds are their
solubility in water and their cost. NaOH is completely
soluble in water, but is more expensive, while Ca(OH),
has low solubility, and could reach over saturation at
high pH values.

Figs. 3 and 4 show the function of pH to the added
alkaline agent. Additionally the pH-gradient is plotted
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Fig. 2. Experimental neutralization pH and pH-gradient curves for mine water with 1M NaOH solution.

to identify pH-buffering equilibriums. pH-""hot spots”
are found in experimental neutralizations curves at pH
values in ranges of 3.5 to 5.5/6.5 and 8 to 12. Merely,
some of the buffering zones in the experimental results
show more peaks in the gradient function, which is due
to lesser accuracy. The consumption of 1 M Ca(OH); is
about a half of the experimental results for 1 M
Ca(OH), and 1M NaOH (experimental), respectively.

Five buffering zones have been identified experi-
mentally and are shown in Table 3. The experimental
results show a good agreement with values taken from
literature [39-41]. At a pH of 2.7, the untreated mine
water is close to the first buffering zone of manganese
oxyhydoxide, which explains the steep initial slope in
the experimental curve [41]. According to Uhlmann
et al. [39], the first buffering zone overlaps with the

14

experimental

W
dpH/dV ¢y omyy [1/em?]

Vcaomy lem?]

Fig. 3. Experimental and simulated neutralization pH and pH-gradient curves for mine water with 1M Ca(OH), suspension.
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Fig. 4. The concentration of Cu®*, Fe*", Ca®", SO,*~, pH, and conductivity after the addition of lime to AMD solution.

second zone, which is characterized by Fe and Al,
which is bound to sulphate in the pH range of 2.9 to
4.3 for Fe and 4.3 to 5.5 for Al. Furthermore, the latter
authors were able to identify the AlL:S ratio and identi-
fied the precipitated Al-SO,-compound as aluminium
hydroxysulphates [e.g. basaluminite]. Additionally,
the hydrolysis reaction for ferric iron with a pKa
about 3 leads to precipitation of FfOOH and Fe(OH);
in the buffering zone II, respectively. According to
Cheng et al. [40], the fourth identified buffering zone cor-
responds to the formation of several copper hydroxy-
complexes and Cu(OH),, that precipitates with pH
in the range of 12. The last buffering zone (V) overlaps
with the 4th buffering zone and corresponds to the
formation of Al(OH); (amorphous, gibbsite, hydrolysis
of AI’™) [39,40].

In a more detailed study, the hydrated lime (1 M)
was added again to AMD at five different volumes.
These volumes, which were calculated as a percentage
volume ratio of added lime to the total volume of origi-
nal AMD, are 0%, 30%, 40%, 56%, and 96%. The super-
natant was separated from the precipitant and analysed
for each case by measuring the concentration of typical
metal cations and the sulphate ion (Na*, Cu®*", Fe’™,
Ca*",80,%), pH, and the conductivity. Fig. 4 shows the
result of lime additions, where the concentration of the
studied cations is shown on the left y-axis, while the con-
centration of sulphate, pH, and conductivity is shown
on the right y-axis. The hydrated lime dissolves in the
solution and provides the hydroxide and calcium ions,
which cause the increase of pH value and the concentra-
tion of calcium ions as shown in Fig. 4.

Table 3

pH-buffering of metal species in acid mine waters [39—41]

Buffering zone pH Reaction/buffering compounds Reference

I ~2.7 Mn*" 4+0.25 O, + 1.5 H,0O = MnOOH + 2H" [41]

Il 35...5 Fe** + 3 H,O = Fe(OH); (s) +3H™ [39,41]
4..55 Al-Hydroxysulphate [39]

111 6...8 Cu**, Cu(OH)* [39,40]
43...82 carbonic acid buffering [39]

v 8...12 Cu*", Cuy(OH),**, Cu(OH), - buffering [39,40]

\Y% 8§...11 Al(OH); (amorphous), gibbsite buffering: [39,41]

APY 4 3H,0 = AI(OH); (s) + 3H™"
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As a result, the concentration of both Cu?", Fe®"

decreases due to their reaction with the hydroxide ions
and precipitations of these cations start to form in the
range of pH value 5.7 and 7.2 (neutral case). Moreover,
the conductivity of the solution is also decreased until
the precipitations of investigated heavy metals were
formed. However, after that, it increased as a result
of the addition of hydroxide ions to the AMD solution.
However, the concentration of sodium was not plotted
in Fig. 4 because its concentration was very low and was
not affected by any addition of lime, as its solubility was
very high at the studied conditions [42]. Sulphate ion
concentration decreases with increasing concentration
of calcium ions up to pH 9.2, where the precipitations
of hydroxides are completely formed and the sulphate
ions concentration becomes constant with any addition
of lime as shown in Fig. 4. This stagnation of sulphate
concentration results from the solubility product of gyp-
sum, which is about 2,000 mg/1 of CaSO, - 2H,O corre-
sponding to a sulphate concentration of about 1,200
mg/1. Therefore, the optimum conditions for the neutra-
lization of the investigated AMD with 1 M lime solution
should be using lime at a half volume of original AMD
solution in a pH range from 7.2 to 9.2. On the other hand,
at pH 9.2 the concentration of sulphate is relatively high
(1,200 ppm) and is not acceptable under environmental
requirements. Another main shortcoming of the lime
method is the high amount of formed sludge (50% of the
original AMD), which needs special expensive methods
to separate it, taking into account the regional discharge
criteria. Therefore, it is necessary to find methods like NF
membranes as either a single or a hybrid unit with lime
addition to overcome the problems mentioned.

3.2. NF membrane results
3.2.1. Permeate flux with time

The permeate flux of AMD solution as a function of
time at investigated pressures and concentration using
the three investigated membranes will be considered in
this section. The flux data, which was measured regu-
larly with time up to around 160 h is shown in Fig. 5. It
was seen from the experiments that the flux remained
constant after the mentioned time for some cases, while
in other cases it reached steady state early. It is evident
from Fig. 5 that the flux increases with increasing pres-
sure and decreasing concentration for all investigated
membranes. Moreover, the flux for all investigated
membranes, at all studied conditions, decreased with
time due to scaling over the surface of the membranes,
which will be discussed later.

The highest flux was obtained using NF99 mem-
brane as shown in Fig. 5(a), which was initially 110 L

m~2h ! at 30 bar and concentration of 1x, however the
flux decreased down to 80 L m 2h ' after 100 h. The
effect of pressure on the flux was obviously shown in
Fig. 5(a) where its value decreased down by 32% when
the pressure changed from 30 to 20 bar at concentration
of 1x and 25% at concentration of 2x. On the other
hand, Fig. 5(b) shows that the DK membrane has a
moderate permeate flux (in the range of 9569 L
m 2h™") for time levels from 0 to 140 h at concentra-
tion of 1x and 30 bar and almost constant flux (in the
range of 72-60 L m~%h ') at concentration of 2x for the
same range of time and pressure. However, the effect
of pressure on the flux is clearly shown in Fig. 5(b) for
the latter membrane, where the flux dropped down to
around 40% at 20 bar for both concentrations 1x and 2x.
It is worth mentioning that both NF99 and DK mem-
branes gave relatively high rejection (R ~ 88%) of
undesired components such as heavy metal cations
and sulphate, from AMD solution as shown in Figs.
5(a) and (b). It is evident from these figures that rejec-
tion, which was measured via conductivity, was not
significantly affected by the pressure and concentra-
tion, which means that both membranes can be used
even at low pressure (20 bar) and high concentration
(2x) with high quality. More details about the rejection
of metals will be addressed in the next section. The GE
membrane, as compared to the other two membranes,
gave the lowest rejection and flux as well as an irregu-
lar trend of flux at different concentrations as shown in
Fig. 5(c), indicating inappropriateness of the GE mem-
brane in treating AMD solution.

3.2.2. Rejection of metal cations and sulphate

In this section, the rejection of metal cations found
in AMD solution using three investigated membranes
will be studied at concentrations of 1x and 2x and pres-
sures of 20 and 30 bar. The studied constituents are Cu,
Fe, Mn, Ca, Mg, Al, and SOy, as well as the monovalent
cation of Na. Tables 3-6 show pH values for AMD solu-
tions before and after filtration processes, the analysis
of dissolved constituents concentration in the feed and
permeate sides, and the rejection of the constituents. It
can be seen that all investigated NF membranes have
high performance in treating the AMD solution except
for the GE membrane at some operating conditions. At
a concentration of 1x and 20 bar, NF99 and DK mem-
branes were able to produce cleaned water at a very
acceptable concentration of cations and sulphate (i.e.
high rejection >99%) as shown in Table 4. Such concen-
trations are very comparable to the concentration of
similar ions found in potable water according to the
World Health Organization (WHO) as shown in the
third column of Table 2. The high obtained rejection
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Fig. 5. Permeate Flux of the AMD with time at investigated pressures and concentrations using: (a) NF99, (b) DK, and (c) GE.
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Table 4
Rejection of metals and sulphate using all investigated NF membranes at 20 bar and original AMD solution
C=1x, 20 bar pH Cu (mg/l) Fe (mg/l) Mn (mg/l) Ca(mg/l) Mg (mg/l) Na (mg/l) Al (mg/l) SO4 (mg/l)
Feed 2.7 2,040 620 185 303 559 12.3 1030 13,360
Permeate (NF99) 2.6 2.68 0.76 0.18 0.42 0.44 1.55 0.51 158
R% (NF99) 99.9% 99.9% 99.9% 99.9% 99.9% 87.4% 99.9% 98.8%
Permeate (DK) 25 1224 1.86 0.92 1.82 2.80 1.27 3.09 213.76
R% (DK) 99.4% 99.7% 99.5% 99.4% 99.5% 89.7% 99.7% 98.4%
Permeate (GE) 2.8 8282 101.1 72.7 120.6 218.6 8.18 202.9 3621
R% (GE) 59.4% 83.7% 60.7% 60.2% 60.9% 33.5% 80.3% 72.9%

values, which are promising for use in the treating of
AMD solution, could be explained on the basis of steric
hindrance mechanism due to the fact that NF mem-
branes have relatively small pore size [43] while the
size of cations are relatively large. As a result, the rejec-
tion of sodium anion for all investigated membranes is
relatively low as its size is relatively small. Again, GE
membrane had low rejections for all investigated
anions at all studied conditions of concentrations and
pressures as shown in Tables 4-7. The effect of pressure
on the rejection of heavy metals has been studied at
AMD concentration of 1x and 30 bar and the results are
shown in Table 5. It is clear rejection was not affected
by increasing the pressure for NF99 and DK mem-
branes; while for GE membrane the rejection was
slightly improved. This means that there was no need
to carry out experiments above 20 bar at any AMD
solution concentration levels. Table 5 shows the feed
and permeate analysis of AMD and its rejection using
three investigated membranes at 2x concentration and
20 bar. In a comparison with data obtained at 1x and 20
bar (Table 4), it can be seen that the concentration was
only influential on the rejection data of DK membrane,
which was decreased slightly with increasing concen-
tration. The other two membranes showed similar per-
formance in treating AMD at high concentrations.
Again, the pressure effect has been studied for the con-
centration of 2x as shown in Table 7, which has the

same trend in the effect of pressure as the case of 1x
concentration (Table 5), where pressure only affected
the rejection for GE membrane. It is worth mentioning
that DK membrane has the highest rejection of unde-
sired heavy metal cations and ions among the investi-
gated membranes even at high concentration of AMD
solution and low pressure. On the contrary, as men-
tioned earlier, NF99 has relatively high flux as shown
in Fig. 5(a) compared to the flux obtained using DK
membrane as shown in Fig. 5(b). Thus, an optimization
study is indispensable for the proper choice of NF mem-
brane in treating AMD.

3.2.3. Scaling effect

The precipitation and deposition of insoluble
mineral salts onto the membrane surfaces or into inter-
nal structure of the membrane (scaling) is one of the
major problems for all investigated NF membranes,
which may block the membrane pores preventing the
solvent from transporting through the membrane
[44]. This will cause a decline of the permeate flux with
time as shown previously in Fig. 5. Moreover, scaling
not only shortens NF membrane service life, but incurs
high operating cost. Fig. 6 shows the scaling effect on
the surface of DK membrane—as an example—for all
investigated conditions (i.e. 20 bar (1x, and 2x), and
30 bar (1x, 2x)). These photos were obtained by

Table 5

Rejection of metals and sulphate using all investigated NF membranes at 30 bar and original AMD solution.

C = 1x, 30 bar pH Cu (mg/l) Fe (mg/l) Mn (mg/l) Ca(mg/l) Mg (mg/l) Na (mg/l) Al (mg/l) SO4 (mg/l)
Feed 2.5 2,650 743 245 335 721 16.6 1,240 15,500
Permeate (NF99) 2.5 9.23 1.89 0.75 2.05 2.01 1.97 224 243

R% (NF99) 99.7% 99.7% 99.7% 99.4% 99.7% 88.1% 99.8% 98.4%
Permeate (DK) 2.6 21.2 5.20 1.72 2.68 5.05 0.930 7.44 36.4

R% (DK) 99.2% 99.3% 99.3% 99.2% 99.3% 94.4% 99.4% 98.7%
Permeate (GE) 23 479.7 56.5 44.6 60.0 133.4 7.24 125.2 355.6

R% (GE) 81.9% 92.4% 81.8% 82.1% 81.5% 56.4% 89.9% 87.3%
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Table 6

Rejection of metals and sulphate using all investigated NF membranes at 20 bar and about two-fold concentrated AMD
solution

C = 2x, 20 bar pH Cu (mg/l) Fe (mg/l) Mn (mg/l) Ca(mg/l) Mg (mg/l) Na (mg/l) Al (mg/l) SO4 (mg/l)
Feed 24 4,260 1,340 390 527 1,210 30.8 2,020 31,900
Permeate (NF99) 22 114 18.8 9.81 13.6 29.8 4.47 29.3 819

R% (NF99) 97.3% 98.6% 97.5% 97.4% 97.5% 85.5% 98.5% 97.4%
Permeate (DK) 23 426 9.28 3.51 4.74 10.9 4.03 12.1 510.4

R% (DK) 99.0% 99.3% 99.1% 99.1% 99.1% 86.9% 99.4% 98.4%
Permeate (GE) 2.6 14654 158.1 127.9 178.65 395.7 20.14 266.6 6699

R% (GE) 65.6% 88.2% 67.2% 66.1% 67.3% 34.6% 86.8% 79.0%

scanning of the membranes using a normal scanner
MD9693 (Medion company) after 160 h operating
time. It is evident from the figure that at low concen-
tration of AMD (1x) the darkish colloid layer, which
can be swept away easily, was formed. On the con-
trary, a white crusty layer has been seen over the
membrane surface at high concentration (2x) for both
investigated pressures 20 and 30 bar. It is expected
that this layer was formed due to the precipitations
of calcium sulphate (gypsum) [38]. Further studies are
required to analyze the formed scaling layer and to
find a suitable anti-scaling solution in order to clean
this layer from the membrane surface, and extend the
life time of the membrane.

3.3. Economic consideration

Although high quality requirement for NF feed
water, membrane fouling, high energy consumption,
large volume of water lost as retentate are the main bar-
riers that arise when considering NF for improving
conventional ground water treatment, the capital and
operating costs are still the major factors in implement-
ing NF technology for production of drinking water
[45]. It is difficult to analyse and to compare the capital
costs of different NF plants which are based on the
operating conditions (production capacity, recovery

rate, amortization period ...) and the quality of
product water. Concerning the operating cost, the esti-
mated one in this case is comparable to many other
costs evaluated for production of drinking water by
NF. Elazhar et al. [45] investigated the economical eva-
luation for a plant of fluoride removal by NF having a
capacity of 2400 m>/d. The design of this plant was at
arecovery rate of 84%, a fluoride rejection of 97.8% and
a pressure pump of 10 bar. The results showed that the
capital cost was 748,003 € and the calculated operating
cost t0 0.212 €/m3. For another NF plant in Florida with
a capacity of 53,000 m>/d for groundwater, Bergman
[46] gave a total treatment cost of 0.23 €/ m’. In
Belgium, Bruggen et al. [47] discussed the economical
side of the implementation of NF for treatment of
48,000 m?/d ground water for drinking water produc-
tion. The capital cost was mainly calculated based on
civil investments, mechanical engineering, electrotech-
nical investments, and membrane investments, while
the operating cost was found based on depreciation
costs, consumption costs, energy costs, and mainte-
nance costs. The capital cost found at an optimal
pressure of 8 bar and at investigated capacity was
12.5 x 10° €, while the operating cost is approximately
0.13 €/m’. In another study, the capital cost was
calculated for NF plant used to remove heavy metals
(iron and manganese) from effluent in a totally

Table 7

Rejection of metals and sulphate using all investigated NF membranes at 30 bar and about two-fold concentrated AMD
solution

C = 2x, 30 bar pH Cu (mg/l) Fe (mg/l) Mn (mg/l) Ca(mg/l) Mg (mg/l) Na (mg/l) Al (mg/l) SO4 (mg/l)
Feed 23 5290 1,550 501 615 1,430 34.7 2,510 34,600
Permeate (NF99) 2.3 110 24.8 9.82 10.3 28.4 3.22 38.8 804

R% (NF99) 97.9% 98.4% 98.0% 98.3% 98.0% 90.7% 98.5% 97.7%
Permeate (DK) 2.3 5.29 6.2 4.51 5.54 12.9 3.47 12.6 4844

R% (DK) 99.0% 99.6% 99.1% 99.1% 99.1% 90.0% 99.5% 98.6%
Permeate (GE) 2.5 1565.8 150.4 139.8 175.9 396.1 21.4 276.1 6193.4

R% (GE) 70.4% 90.3% 72.1% 71.4% 72.3% 38.2% 89.0% 82.1%
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Fig. 6. Scanning of DK membrane surface before and after experiments after 160 operation time at all studied conditions.

chlorine-free (TCF) bleaching plant [48]. For a TCF
plant with a capacity of 300,000 ton air-dried
pulp (AD)/year, the effluent that must be treated is
300 m®/h. based on this capacity, 90% recovery, and
membrane area of 2,400 m?, the capital cost which was
calculated for permeate stream free of metals was 5.3 x
10° € and a total cost (including capital and operating
costs) of 6 € /ton of pulp. It is clear that all of above
NF plants cost are reliable and comparable to other
waste water treatment plants. Therefore, the cost of any
proposed NF plant for treatment of AMD will be in the
above ranges which is more economic that other treat-
ment processes such as neutralization method alone.

4. Conclusion

Traditionally, AMD is neutralized by treatment with
lime, resulting in large precipitation of iron, aluminum
and other metal hydroxides, as well as sulphate, at high
concentration levels. Therefore, this study presents NF
membranes as a new alternative method for treatment
of AMD produced by mining industries. Three commer-
cial NF (NF99, DK, and GE) membranes have been
employed in a laboratory-scale study to investigate their
performance in handling AMD collected from copper
mining in Chile. It was found that the optimum neutra-
lization of the investigated AMD with 1 M lime solution

is using a half volume of AMD in the pH range from
72 to 9.2. Moreover, the results showed that NF
membranes are capable of reducing the heavy metals
concentration found in AMD to low levels, that are
accepted by many international organizations especially
for industrial and agricultural use. Both DK and NF99
rejected all divalent cations and anions at high levels
(>98%) for both investigated pressures of 20 and 30 bar,
which confirms that the maximum applied pressure on
the NF membrane cell should not exceed 20 bar. The
results also showed that the DK membrane is preferable
for high concentration of AMD, while NF99 is used,
when high permeate flux is required. GE has the lowest
rejection and permeate flux at all investigated condi-
tions indicating inappropriateness in treating AMD
solution. The only shortcoming of the NF method is scal-
ing, especially for large membrane units. As a result, our
future plan is to carry out further experiments to either
use a suitable anti-scaling solution to minimize the scal-
ing layer, or use different hybrid methods such as lime
neutralization with NF membrane.

Acknowledgment

We thank Siemens AG Industry Sector 1 IS MT MI
(Erlangen-Germany) for funding this work and provid-
ing the original sample of acid mine drainage.



160 H. Al-Zoubi et al. / Desalination and Water Treatment 21 (2010) 148-161

References

[1] A. Kontopoulos, Acid Mine Drainage Control, Proceedings of
the IV International Conference on Clean Technologies for the
Mining Industry, Santiago, Chile,Vol. I (13-15) (1998) 27.

[2] P. Younger, S. Banwart and R. Hedin, Chapter Two: Mine water
chemistry, Mine water: Hydrology, pollution, remediation,
Springer-Verlag, New York, LLC (2002), pp. 65-126.

[3] M. Gitari, L. Petrik, O. Etchebers, D. Key, E. Iwuoha and C. Oku-
jeni, Treatment of acid mine drainage with fly ash: Removal of
major contaminants and trace elements, J. Environ Sci. Health-
Part A, A41 (8) (2006) 1729.

[4] A. Akcil and S. Koldas, Review article: Acid Mine Drainage
(AMD): causes, treatment and case studies, J. Cleaner Pro-
duct.,14 (2006) 1139.

[5] M. Sengupta, Chapter Four: The Acid mine Drainage Problem
from Coal Mines, Environmental impacts of mining: Monitor-
ing, Restoring, and Control, Lewis Publisher, USA, 1993, pp.
121-166.

[6] D.Lyew, R. Knowles and ]. Sheppard, The biological treatment
of acid mine drainage under continuous flow conditions in a
reactor. Trans IChemE, 72(B) (1994) 42.

[7] R. Hedin, G. Watzlaf and R. Nairn, Passive treatment of acid
mine drainage with limestone, J. Environ. Qual., 23 (1994) 1338.

[8] B. Dempsey and B. Jeon, Characteristics of sludge produced
from passive treatment of mine drainage, Geochem. Explor.
Environ. Anal., 1 (2001) 89.

[9] P. Sibrell and B.]. Watten, Evaluation of sludge produced by
limestone neutralization of AMD at the Friendship Hill
National Historic Site. In: Proceedings of the 20th Annual Meet-
ing American Society for Mining and Reclamation, Billings,
Montana, 2003, pp. 1151-1169.

[10] S. Santomartino and J. Webb, Estimating the longevity of lime-
stone drains in treating acid mine drainage containing high con-
centrations of iron, Applied Geochemistry, 22 (2007) 2344.

[11] P.Smith and S. Hancoc, Brukunga — The acid test. Waste Dispo-
sal and Water Management in Australia, December (1992) 3-11.

[12] T. Igarashi, K. Asakura, T. Yoshida, H. Miyamae, N. Iyatomi
and K. Hashimoto, Ferrite formation using precipitate in the
treatment of acid mine drainage for reducing its volume. In:
Proceedings of the 5th International Congress on Environmen-
tal Geotechnics, Cardiff, Wales, UK, 2006, pp. 909-916.

[13] S. Herrera, H. Uchiyama, T. Igarashi, K. Asakura, Y. Ochi, F.
Ishizuka and S. Kawada, Acid mine drainage treatment through
a two-step neutralization ferrite-formation process in northern
Japan: Physical and chemical characterization of the sludge,
Minerals Engineering, 20 (2007) 1309.

[14] D. Feng, J. van Deventer and C. Aldrich, Removal of pollutants
from acid mine wastewater using metallurgical byproduct
slags. Sep. Purif. Technol., 40 (2004) 61.

[15] L. Petrik, R. White, M. Klink, V. Somerset, C. Burgers and M.
Frey, Utilisation of South African fly ash to treat acid mine drai-
nage, and production of high quality zeolites from the residual
solids. In: Proceedings of the 2003 International Ash Ultilisation
Symposium, University of Kentucky, USA, 2003. Paper no. 61.

[16] C. Rios, C. Williams and C. Roberts, Removal of heavy metals
from acid mine drainage (AMD) using coal fly ash, natural clin-
ker and synthetic zeolites, ]. Hazard. Mater., 156 (2008) 23.

[17] W. Gitari, L. Petrik, O. Etchebers, D.Key, E. Iwuoha and C.
Okujeni, Passive neutralisation of acid mine drainage by fly ash
and its derivatives: A column leaching study, Fuel, 87 (2008)
1637.

[18] S. Potgieter-Vermaak, J. Potgieter, P. Monama and R. Van
Grieken, Comparison of limestone, dolomite and fly ash as
pre-treatment agents for acid mine drainage, Min. Eng., 19
(2006) 454.

[19] Y. Cheong, J. Min and K. Kwon, Metal removal efficiencies of
substrates for treating acid mine drainage of the Dalsung mine,
South Korea, J. Geochem. Explor., 64 (1998) 147.

[20] A. Peppas, K. Komnitsas and I. Halikia, Use of organic covers
for acid mine drainage control, Min. Eng., 13 (5) (2000) 563.

[21] J. Tuttle, P. Dugan, C. Macmillan and C. Randle, Microbial dis-
similatory sulfur cycle in acid mine water, J. Bacteriol., 97
(1969) 594.

[22] T. Wildeman and L. Laudon, The use of wet-lands for treat-
ment of environmental problems in mining: non-coal mining
applications. In Proceedings of the International Conference
on Constructed Wetlands for Wastewater Treatment, ed. D.
H. Hammer, Lewis Publishing, Ann Arbor, MI., (1989) pp.
221-231.

[23] K. Ueki, A. Ueki, K Itoh, T. Tanaka and A. Satoh, Removal of
sulfate and heavy metals from acid mine water by anaerobic
treatment with cattle waste: Effects of heavy metals on sulfate-
reduction, J. Environ. Sci. Health A, 26(8) (1991) 1471.

[24] N. Wakao, T. Takahashi, Y. Sakurai and H. Shiota, A treatment
of acid mine water using sulfate- reducing bacteria, J. Ferment.
Technol., 57 (5) (1979) 445.

[25] D. Dvorak, R Hedin., H. Edenborn and P. McIntire, Treatment of
metal-contaminated water using bacterial sulfate reduction:
results from pilot-scale reactors. Biotech. Bioeng., 40 (1992) 609.

[26] L. Barnes, F. Janssen, P. Scheeren, ]J. Versteegh and R. Koch,
Simultaneous microbial removal of sulfate and heavy metals
from waste water, Trans. Inst. Min. Metall., C 101 (1992) 181.

[27] T. Tsukamoto and G. Miller, Methanol as a carbon sources for
microbiological treatment of acid mine drainage, Wat. Res., 33
(6) (1999) 1365.

[28] L. Chang, P. Shin and B. Kim, Biological treatment of acid mine
drainage under sulphate-reducing conditions with solid waste
materials as substrate, Wat. Res., 34 (4) (2000) 1269.

[29] P. Riveros, The extraction of Fe(IIl) using cation-exchange car-
boxylic resins, Hydrometallurgy, 72 (2004) 279.

[30] N. Hilal, H. Al-Zoubi, N. Darwish, A. Mohammed and M. Abu
Arabi, A comprehensive review of Nanofiltration membranes:
Treatment, Pretreatment, Modelling, and Atomic Force Micro-
scopy, Desalination, 170 (2004) 281.

[31] N. Hilal, H. Al-Zoubi, N. Darwish and A. Mohammed, Perfor-
mance of Nanofiltration membranes in the treatment of syn-
thetic and real seawater, Sep. Sci. Technol., 42 (2007) 493.

[32] J.Jacangelo, R. Trussell, and M. Watson, Role of membrane tech-
nology in drinking water treatment in the United States, Desali-
nation, 113 (1997) 119.

[33] I. Escobar, S. Hong and A. Randall, Removal of assimilable and
biodegradable dissolved organic carbon by reverse osmosis and
nanofiltration membranes. J. Membr. Sci., 175 (2000) 1.

[34] P. Eriksson, Nanofiltration extends the range of membrane fil-
tration. Environ.] Progr., 7 (1988) 58.

[35] S. Bertrand, I. LemaRre and E. Wittmann, Performance of a
nanofiltration plant on hard and highly sulphated water during
two years of operation, Desalination, 113 (1997) 277-281.

[36] T.JK. Visser, S.J. Modise, HM. Krieg and K. Keizer, The
removal of acid sulphate pollution by nanofiltration, Desalina-
tion, 140 (2001) 79-86. 3

[37] M. Gonzélez-Mufioz, M.Rodriguez, S. Luque and ]. Alvarez,
Recovery of heavy metals from metal industry waste waters
by chemical precipitation and nanofiltration, Desalination, 200
(2006) 742-744.

[38] W.R. Bowen and A.W. Mohammad, Characterization and pre-
diction of nanofiltration membrane performance—a general
assessment, Trans. IChemE, 76A (1998) 885.

[39] W. Uhlmann, H. Biittcher, O. Totsche and C. Steinberg,
Buffering of Acidic Mine Lakes: The Relevances of Surface
Exchange and Solid-Bound Sulphate, Mine Water Environ.,
23 (2004) 20-27.

[40] Q. Cheng, Z. Luo, C. Hills, G. Xue and M. Tyrer, Precipitation of
heavy metals from wastewater using simulated flue gas:
Sequent additions of fly ash, lime and carbon dioxide, Water
Res., 43 (2009), 2605-2614.

[41] P. L. Younger, St. A. Banwart and R. S. Hedin: Mine Water —
Hydrology, Pollution, Remediation. Dodrecht, Boston, London
(2002): Kluwer Academic Publishers, Vol. 5, 442 pp.

[42] P. Cheremisinoff, Handbook of Water and Wastewater Treat-
ment Technology, Marcel Dekker, Inc., New York, USA, 1995.



H. Al-Zoubi et al. / Desalination and Water Treatment 21 (2010) 148-161 161

[43] N. Hilal, H. Al-Zoubi, N.A. Darwish and A.W. Mohammed,
Characterisation of nanofiltration membranes using atomic
force microscopy, Desalination, 177 (2005) 187.

[44] S. Lee and C. Lee, Effect of operating conditions on CaSOj, scale
formation mechanism in nanofiltration for water softening,
Water Res., 34(15) (2000) 3854.

[45] F. Elazhar, M. Tahaikt, A. Achatei, F. Elmidaoui, M. Taky, F. El
Hannouni, I. Laaziz, S. Jariri, M. El Amrani and A. Elmidaoui,
Economical evaluation of the fluoride removal by nanofiltra-
tion, Desalination, 249 (2009) 154-157.

[46] R.A. Bergman, Membrane softening versus lime softening in
Florida: a cost comparison update, Desalination, 102 (1995) 11-24.

[47] B. Van der Bruggen, K. Everaert, D. Wilms and C. Vandecasteele
Application of nanofiltration for removal of pesticides, nitrate
and hardness from ground water: rejection properties and eco-
nomic evaluation, J. Membr. Sci., 193 (2001) 239-248.

[48] A. Lastra, D. Gémez, J. Romero, ]. Francisco, S. Luque and J.
Alvarez, Removal of metal complexes by nanofiltration in a TCF
pulp mill: technical and economic feasibility, ]. Membr. Sci., 242
(2004) 97-105.



